The crystal structure of a unique type of vesuvianite with the space group P4/n [a = 15.576(2), c = 11.835(2) Å] formed by the retrograde alteration of gehlenite in high -temperature skarn at Kushiro (Tojyo, Shobara Hiroshima) southwestern Japan, is determined by single -crystal X -ray diffraction (R1 = 3.63%). Significant vacancies (29%) occur only on one of the two pseudo -equivalent Z1 sites (Z1b). In addition, the Si -O distance at the Z1b site remarkably increases up to 1.707(3) Å, indicating the existence of a hydrogarnet -like substitution, while Z1a, the other pseudo -equivalent Si site, has only 5% vacancies associated with an Si -O distance of 1.636(3) Å. The total refined Si site occupancy of 17.7 atoms per formula unit is in excellent agreement with the results of electron -microprobe analyses.
INTRODUCTION
Vesuvianite is a well -known rock -forming mineral with complex crystal chemistry and a complex crystal structure. The simplified chemical formula of vesuvianite as proposed by Armbruster and Gnos (2000) is X 18 X′Y 12 Y′ Z 18 O 69 (OH,F) 9 , where X and X′ are sevenfold to ninefold coordinated, Y has octahedral coordination, Y′ has squarepyramidal coordination, and Z has tetrahedral coordination. X and X′ are generally Ca, Y and Y′ are elements with an average valency of 2.85, and Z is mainly Si.
The vesuvianite structure shows alternating columnar fragments of garnet (grossular) (Warren and Modell, 1931) . A unique atomic configuration occurs on a fourfold rotation axis where the garnet -like units are linked with other units. The two oxygen sites (two O10) and four cation sites (two X′ and two Y′) are arranged on the fourfold rotation axis. However, the four adjacent cation sites cannot be simultaneously occupied because of their close arrangement. The ideal distribution of cations that satisfies charge balance is one where the five -coordinated site (Y′) and the eight -coordinated site (X′) are alternately occupied. Two types of ordered arrangements (P4/n and P4nc) exist (e.g., Ohkawa et al., 1994) . A long -range disorder results in an average structure in which the four adjacent cation sites are statistically half -occupied. The long -range order of cations and vacancies reduces the symmetry from P4/nnc to P4/n or P4nc. Figure 1 shows the crystal structure of the P4/n vesuvianite. Most of the cation and oxide -ion sites further split into two pseudo -equivalent sites represented as "a" and "b."
Vesuvianite generally contains hydrogen atoms. Lager et al. (1999) have determined the positions of the hydrogen atoms (H10 and H11) through neutron diffraction. H10 is located between the two neighboring oxygen atoms (O10), which are arranged on the fourfold rotation axes, and forms a linear hydrogen bond, OH -O, while H11 is located adjacent to an oxygen atom (O11). In addition, weak, bifurcated hydrogen bonds exist between H11 and the two other oxygen atoms (O7). The two hydroxide ions (OH11) and the two oxygen atoms (O7) are arranged in a tetrahedral configuration. In certain kinds of vesuvi- , etc.). In such cases, H11 is absent, thereby maintaining the charge balance.
It is known that grossular garnet is prone to hydrogarnet substitution of (OH) 4 for SiO 4 . Due to the structural similarity between vesuvianite and garnet, this type of substitution is expected (e.g., Lager et al., 1999) ; however, such substitution was reported only recently. Armbruster and Gnos (2000) were the first to find evidence of hydrogarnet -like substitution in Mn -bearing vesuvianite from the N'chwaning II mine in South Africa. Galuskin et al. (2007) also found a similar hydrogarnet -like substitution for a boron -bearing vesuvianite from the Wiluy River in Russia.
A rare type of high -temperature skarn has been formed in Kushiro (Tojyo town, Shobara city, Hiroshima prefecture) in Japan (e.g., Takechi et al., 2000) . The primary minerals of the high -temperature skarn are gehlenite and spurrite. Vesuvianites are formed by the retrograde alteration of these minerals. Henmi et al. (1994) have noted that the vesuvianite -like phase closely intergrown with hydrogrossular in the products of the retrograde alteration of gehlenite has a larger cell constant than other vesuvianite phases of the skarn. They presumed that the expansion of the lattice was caused by the hydrogarnet -like substitution; however, they did not obtain any other evidence indicating the substitution. We found well -crystallized Sideficient vesuvianites in a specimen collected from the Hirata outcrop at Kushiro. Using the single -crystal X -ray diffraction method, we have attempted to structurally investigate a unique type of low -symmetry (P4/n) vesuvianite.
EXPERIMENTAL
A rock specimen collected from the Hirata outcrop was studied. Vesuvianites with different chemical compositions and structures corresponding to the various stages of retrograde alteration were observed in this specimen (M. Ohkawa, unpublished data). Si -deficient vesuvianite, which is mostly fibrous in shape, is a late hydrothermal product. We could identify well -crystallized Si -deficient vesuvianites in this specimen; however, their Si deficiency was lower than that in the fibrous ones.
The crystals were mounted on fine glass fibers and their single -crystal X -ray intensity data were collected with a Siemens SMART three -circle diffractometer with a CCD detector using graphite -monochromatized MoKα radiation (50 kV, 40 mA). The data were corrected for Lorentz, polarization, and absorption effects. Subsequently, electron microprobe analyses were carried out for the same crystals. Details of data collection and their refinement are presented in Table 1 , and the results of chemical analyses are listed in Table 2 .
The symmetries of the vesuvianites were determined by examining the intensity differences of equivalent reflections in 4/mmm Laue symmetry and the absence or presence of reflections violating the glide plane extinction criteria for the space group P4/nnc, i.e., (a) hk0 reflections with h + k = 2n + 1 (P4nc), (b) h0l reflections with h + l = 2n + 1, and (c) hhl reflections with l = 2n + 1 (P4/n). We obtained the data sets of two vesuvianites with hydrogarnet -like substitution (Tojyo 2 and 25). The diffraction patterns of these two vesuvianites revealed very weak glideviolating reflections of type -a and significant glideviolating reflections of types b and c. The number of unique reflections (>3σ) of the types a, b, and c were 13, 36, and 21 for Tojyo 2 and 23, 80, and 53 for Tojyo 25, respectively. The intensity of the strongest reflection for type -a was about one order of magnitude less than the intensities for types b and c; the latter were about three orders of magnitude less than that the intensity of the most intense reflection. Although the presence of type -a reflections indicates the presence of a small number of domains having P4nc symmetry, we considered that the number of P4nc domains would be negligible when compared with the number of predominant P4/n domains. Structural refinements were successfully performed in the space group P4/n by using the SHELX program (Sheldrick, 2008) . The refined site occupancy ratios of X′a to X′b were 72(1) % : 28(1)% for Tojyo 2 and 79(1)% : 21(1)% for Tojyo 25. The ratios of Y′a to Y′b were almost identical to the above ratios. The distribution of Fe and Al at the Y′ sites was determined in another cycle of refinement in which the total capacities of these sites were fixed. H10b and H11(a, b) hydrogen atoms were restrained to have a distance of 0.90(5) Å to the oxygen atom. A suitable value, independent of the occupancy ratio of Y′a to Y′b, was assigned to the population of H10b. Since the chemical and structural characteristics of the two vesuvianite crystals are almost identical, we choose the Tojyo 25 sample that converges at a lower R -factor as the representative sample. Refined atomic coordinates and site occupancy factors, anisotropic displacement parameters, and selected interatomic distances for Tojyo 25 are listed in Tables 3, 4 , and 5, respectively.
RESULTS AND DISCUSSION
Vesuvianite contains both orthosilicate (Z1 and Z2) and disilicate (Z3) groups. The local atomic configuration around the Z1 tetrahedron is the same as that in grossular garnet. When the symmetry is reduced to P4/n, those atomic positions split into two pseudo -equivalent sites (see Fig. 1 ). Armbruster and Gnos (2000) found Si vacancies at both sites Z1 and Z2 of Mn -bearing vesuvianite obtained from South Africa. They considered these Si vacancies as evidence for the existence of hydrogarnet -like substitution. Moreover, their successful refinement using the space group P4/n showed the Si -deficits of the pseudoequivalent sites to be significantly different. The percent- Table 1 . Experimental data and crystallographic information Tojyo 2 and 25, P4/n vesuvianites with Si -deficiency; Tojyo 3, 7, and 8, P4/n vesuvianites without Si -deficiency. Chemical formulae were calculated on the basis of 78 (O + F) and normalized to 19 (Ca + Na). n.d., not detected. age of vacancies at one of the pseudo -equivalent Z1 sites (Si1a) is 9%, while the other site (Si1b) is 17%. The percentage of vacancies at one of the pseudo -equivalent Z2 sites (Si2a) is 9%, while that at the other site (Si2b) is negligible. Armbruster and Gnos (2000) discussed the relationship between the hydrogarnet -like substitution in tetrahedral sites and the Mn -substitution in octahedral sites. Galuskin et al. (2007) also found a similar hydrogarnet -like substitution at both sites Z1 and Z2 of a boronbearing vesuvianite, although refinement was performed using the space group P4/nnc. The Si -deficits at the Z1 and Z2 were 25% and 16%, respectively.
The chemical compositions of the Tojyo vesuvianites, though commonly observed in vesuvianites, are dif- ferent from those of the above -mentioned two Si -deficient vesuvianites. Thus, for example, the effect of the Mn 3+ Jahn -Teller distortion is almost negligible. The structural refinement performed in this study shows a feature of hydrogarnet -like substitution that is different from the feature observed in the above -mentioned Si -deficient vesuvianites. Population refinements suggest that the Z2 (and Z3) sites are fully occupied by Si. Significant vacancies (29%) occur only at one of the two pseudo -equivalent Z1 sites (Z1b), and Si -O distances increase up to 1.707(3) Å. At the other Z1 site (Z1a), the percentage of vacancies is 5% with Si -O distance of 1.635(3) Å. Results of electron microprobe analyses are in excellent agreement with the results of structural refinement (17.7 Si pfu). Since the Z1b site is on a special position contributing only a factor of 1 to the formula unit, the total observed Si deficit is rather small (ideal composition is 18 Si pfu) despite the large number of Si vacancies at the tetrahedral sites. Since the tetrahedral cage (usually called the T1 site) formed by two O7 and two OH11 is empty and a possible boron position (T2 site) is also empty, and since fluorine is not detected in the chemical analysis, H11 and H10 should be considered as being fully occupied. Concentrations of the rest of the analyzed elements were not remarkably different from those of the P4/n Tojyo vesuvianites devoid of Si -deficiency (see Table 2 ). Figure 2 shows a plot of cell parameters of the P4/n Tojyo vesuvianites with and without Si -deficiency, to- gether with the Si -deficient vesuvianites (Armbruster and Gnos, 2000; Galuskin et al., 2007) and Tojyo vesuvianites (Henmi et al., 1994 ) discussed previously in the paper. The cell parameters of the Tojyo vesuvianites with Si -deficiency (Tojyo 2 and 25) are almost identical to those without the Si -deficiency. The present samples seem to lie near the starting point of the presumed hydrovesuvianite trend presented by Henmi et al. (1994) .
These observations lead us to question whether the Si -deficiency (tetrahedral vacancy) provides sufficient evidence for the occurrence of hydrogarnet -like substitution. We could include the H10 and H11 hydrogen positions in the final refinement. However, the presence of a hydrogen atom around the O1 oxygen could not be confirmed. This is probably because of the relatively low electron density expected from the amount of Si deficiency. On the other hand, because of the small amount of substituted OH at the Z1 site, any spectroscopic method will not be available for solving this problem. In this paper, only indirect evidence is provided for the presence of the hydrogen atom. We emphasize that the most appropriate approach for obtaining evidence for the existence of hydrogarnet -like substitution at the site is by making a structural analogy with grossular garnet. It is known that the OH substitution in the tetrahedron in grossular garnet leads to the expansion of the tetrahedron. Lager et al.
Table 5. Selected interatomic distances (Å) in Tojyo 25
Numerical superscripts refer to the symmetry operations: 1(−y + 1/2, x, z), 2(x − 1/2, y − 1/2, −z), 3(y − 1/2, −x, −z).
(1989) demonstrated a plot of the silicon -oxygen distance against the degree of OH substitution in the hydrogrossular series [Ca 3 Al 2 Si 3 O 12 -Ca 3 Al 2 (OH) 12 ]. Figure 3 shows a plot of Si -O distances at the Z1 sites against the Si deficiency in vesuvianites together with a similar plot for the hydrogrossular series. Although the Si -O distances at the Z1 sites of the Si -deficient vesuvianites are slightly shorter than the regression line for the hydrogrossular series, they are similar to those of the series. The Si -O distances at the Z1 sites of general vesuvianites that have been reported in previous studies (1.63 -1.64 Å) are slightly shorter than those in grossular; this difference may be attributed to the fundamental difference between vesuvianite and grossular structures.
Bond -valence sums were calculated according to the method of Brown and Altermatt (1985) using the revised parameters presented by Brese and O'Keeffe (1991) . The calculated results are consistent with the structural model in which hydrogarnet -like substitution occurs only at one of the two pseudo -equivalent Z1 sites. The selected bondvalence sums are listed in Table 6 . The sum for O1a indicates that it is most probably oxygen, while the sum for O1b is consistent with the substitution of 29% (OH) 4 for SiO 4 . The sums for O7 and O11 confirm the existence of a hydrogen bond between them, while the sums for O10a and O10b are too small, despite the inclusion of the contribution of the hydrogen bond. The values of the sums (1.36 for O10a and 0.86 for O10b) were found to be less than expected, even if the sums were calculated on the basis of the assumption that the Y′a site is fully occupied and the Y′b site is vacant. This observation has already been mentioned in previous studies (e.g., Groat et al., 1992; Ohkawa et al., 1994) . However, because of the difficulty in determining a reasonable atomic configuration that explains the low values of the sums, the low values remain unexplained. (Galuskin et al., 2007; Armbruster and Gnos, 2000; Henmi et al., 1994) . The numbers correspond to those shown in Table 2 . Novak and Gibbs, 1971; 23.3%, Lager et al., 1989; 49%, Basso et al., 1983; 78.7%, Sacerdoti and Passaglia, 1985; 100%, Lager et al., 1987) . Table 6 . Selected bond -valence sums of Tojyo 25
Numerical superscripts refer to the symmetry operations: 1(y, −x + 1/2, z), 2(−y, x + 1/2, −z), 3(x + 1/2, y + 1/2, −z).
The present data, obtained through single -crystal X -ray diffraction, are consistent with the hydrovesuvianite trend presented by Henmi et al. (1994) . However, it is to be noted that the present result only shows the preference of specific sites in an early phase of the hydrogarnetlike substitution for the hydrovesuvianite series. Therefore, further studies are required to determine preferred sites for hydrovesuvianites with more advanced substitution.
